BGL2-GUS expression after induction by INA and were
not linked to npr1-1 (expected ratio: 13:3; 2 ϭ 0.032; designated sni mutants. In particular, the sni1 mutant P Ͼ 0.5). plants exhibited sporadic, weak GUS staining under unThe sni1 NPR1 single mutant expressed PR1 and induced conditions but consistent, strong GUS staining BGL2-GUS at a higher level (3-fold) than the sni1 npr1-1 after induction by INA ( Figure 1A ). GUS activity in sni1 double mutant under induced conditions (Figures 1A, was detected most strongly in the veins of both leaves 1B, and 1C). This difference in the INA-induced PR exand roots, whereas in wild-type, uniform GUS staining pression between sni1 npr1-1 and sni1 NPR1 implies was detected in leaves while no GUS staining was seen that NPR1 function is still required for high-level PR gene in roots.
induction in the sni1 mutant. Ectopic GUS staining was To confirm the effects of sni mutations on the expresalso detected in the roots of the sni1 NPR1 plants (Figure sion of endogenous PR genes and to rule out possible 1A), as seen in sni1 npr1-1. mutants of the BGL2-GUS reporter gene, RNA blot analBoth sni1 npr1 and sni1 NPR1 plants are smaller than ysis was performed on all sni mutants to identify those wild type ( Figure 1D ). In sni1 seedlings, the emerging that restored inducible PR1 gene expression in the npr1-1 first pair of true leaves are much narrower than those background. Among these mutants, only sni1 expressed of the wild type (data not shown). These phenotypes the PR1 gene at levels similar to the wild type under were found to cosegregate with sni1 and shown later INA induction ( Figure 1B) . Consistent with BGL2-GUS by complementation analysis to be caused by sni1. In reporter gene expression ( Figure 1A ), a higher backsni1 mutant plants, no macroscopic or microscopic leground expression of PR1 was detected in the sni1 musions were detected by trypan blue staining, even after tant without induction.
an INA treatment (data not shown), indicating that cell death is not involved in causing the sni1 phenotype.
Genetic Characterization of sni1
The sni1 npr1-1 double mutant (BGL2-GUS) was backThe Effects of sni1 on SA Accumulation crossed with SNI1 npr1-1 (BGL2-GUS), and the resulting and Sensitivity F1 progeny lost the inducible BGL2-GUS expression,
The endogenous levels of SA in sni1 NPR1 were measuggesting that sni1 is recessive. These F1 plants were sured under noninducing conditions and after infection then allowed to self-fertilize, and the F2 plants were by an SAR-inducing pathogen Pseudomonas syringae assayed for the presence or the absence of INA-induced pv. maculicola ES4326/avrRpt2 (Psm ES4326/avrRpt2).
GUS expression. Of 112 F2 plants examined, 27 had
The results showed that both the baseline and the instrong GUS staining, while the rest had no staining, duced levels of SA found in sni1 (0.4 Ϯ 0.004 g/g and demonstrating that the sni1 phenotype results from a 1.3 Ϯ 0.45 g/g, respectively) are comparable to those single nuclear mutation (2 ϭ 0.047; P Ͼ 0.5). Genetic of the wild type (0.2 Ϯ 0.008 g/g and 1.7 Ϯ 0.69 g/g, crosses revealed that sni1 is also capable of suprespectively). pressing other npr1 mutant alleles (data not shown).
The sensitivity of sni1 NPR1 and sni1 npr1-1 mutants Complementation tests showed that sni1 is not allelic to SA and INA was measured by a quantitative assay to other sni mutants (data not shown).
of the BGL2-GUS reporter gene expression. As shown The sni1 npr1-1 double mutant was also crossed with in Figure 1C , wild type displayed the highest level of wild-type plants (SNI1 NPR1) containing the BGL2-GUS BGL2-GUS expression at 0.1 mM INA, a concentration reporter gene, and the F1 progeny lost the background normally used for SAR induction, while npr1-1 remained expression of BGL2-GUS under uninduced conditions nonresponsive to INA. However, in the sni1 NPR1 and but showed wild-type GUS staining after INA induction. sni1 npr1-1 mutants, maximum levels of BGL2-GUS exThe F2 plants were also examined for segregation of pression were reached at a concentration (0.01 mM) ten inducible BGL2-GUS expression to determine whether times lower than in the wild type. Similar results were the sni1 phenotype is caused by a reversion of npr1-1 obtained when SA was used as the inducer (data not or by a second-site mutation. If sni1 is linked to npr1-1, shown). In comparing sni1 NPR1 and sni1 npr1-1, higher all F2 progeny should show inducible BGL2-GUS exlevels of BGL2-GUS were detected for sni NPR1, indicatpression. However, of 181 plants tested, 148 showed ing that a functional NPR1 is required for maximum instrong GUS staining, while 33 displayed no detectable GUS staining after INA treatment, indicating that sni1 is duction of the reporter gene. (A) Map of the sni1 locus on chromosome IV. Fifty-eight F2 progeny homozygous for sni1 were used first to determine the crude map position of sni1. Two and zero heterozygotes were detected using CAPS markers SC5 and AG, respectively, indicating that SC5 is ‫7.1ف‬ cM on the centromeric side of sni1 and AG is closely linked to sni1. For fine mapping, CAPS markers g4539 and g3883-1.4 were used to examine 718 F2 progeny homozygous for sni1. Twenty-three heterozygotes were discovered by g4539 ‫6.1ف(‬ cM) and twenty-two by g3883-1.4 ‫5.1ف(‬ cM). Because the heterozygotes found by these two markers were mutually exclusive, sni1 was determined to be flanked by these two markers. No heterozygotes were discovered using the marker ch42 located between g4539 and g3883-1.4. CAPS markers XL7 and XL3 were then generated according to the sequence information for the interval between g4539 and g3883-1.4. Among the g4539 heterozygotes, one was found to be a heterozygote for XL7. From the g3883-1.4 heterozygotes, one was discovered to be a heterozygote for XL3. A cosmid contig covering the interval between XL7 and XL3 was generated by subcloning the BAC F28J12. Cosmids 4 and 7 were made in pCLD04541, transformed into a sni1 npr1-1 mutant lacking the BGL2-GUS gene, and selected by resistance to kanamycin (50 g/ml). The rest of the cosmids were made in pSLJ75516, transformed into sni1 npr1-1 carrying the BGL2-GUS reporter gene, and selected by resistance to the herbicide basta (0.04%). The cosmids that complemented the sni1 mutation were labeled by an asterisk, and the number of independent transformants tested is shown in parentheses.
Resistance of sni1 to Pathogens the cosmids containing SNI1 were transformed into the sni1 NPR1 single mutant, the background expression of The effect of sni1 on pathogen resistance in the npr1-1 or NPR1 background was tested using both the bacterial PR genes was repressed; the plants behaved like wild type, showing inducible PR gene expression ( Figure 2B ). pathogen Psm ES4326, which causes leaf spots, and the oomycete pathogen Peronospora parasitica Noco2, The T2 progeny of the complementing lines all segregated for the SNI1 and sni1 phenotypes, which correwhich results in downy mildew on uninduced wild-type plants. After INA induction, wild-type plants became sponded to the presence and absence of the selective markers, respectively. This indicated that these were resistant to these two pathogens, while npr1-1 remained susceptible ( Figures 1E and 1F) . Strikingly, the sni1 npr1-1 true complementing transformants rather than contaminants from either npr1-1 or wild type. Transgenic plants double mutant displayed induced resistance similar to that of wild type, indicating that the sni1 mutation containing cosmids other than clones 4, 7, and 6-22 showed the sni1 mutant phenotype. restored SAR in npr1-1. This dramatic effect of sni1 on resistance was, however, undetectable in the wild-type NPR1 background, as shown by the wild-type-like Sequence Analysis of SNI1 pathogen growth profiles observed in sni1 NPR1. AlThe genomic insert in cosmid 4 was analyzed and the though background expression of PR genes is elevated sequences of wild type and sni1 compared. In the entire in both sni1 npr1-1 and sni1 NPR1, this is evidently not 15 kb region represented by the insert, only one mutation enough to confer resistance against the two pathogens (G to A) was identified. A number of PCR primer pairs at the concentrations used in these infection experiwere then used to perform RT-PCR to identify the cDNA ments. Induction by INA or SA is required to render sni1 sequence in the region flanking the sni1 mutation. The plants resistant to Psm ES4326 and P. parasitica Noco2.
resulting RT-PCR fragment was labeled and used to screen a cDNA library (Kieber et al., 1993). From 10 6 plaques screened, one cDNA clone was isolated and Map-Based Cloning of SNI1 To map the sni1 locus, sni1 npr1-1 was crossed with shown to contain an almost full-length coding sequence for SNI1, missing only 11 nucleotides of the 5Ј end that wild type (SNI1 NPR1) in a polymorphic genetic background. In the resulting F2 population, progeny homozywere later determined by RT-PCR and sequencing. A full-length cDNA clone was generated by PCR, and the gous at the sni1 locus, identified using the morphological phenotypes of sni1, were examined using various functionality of this cDNA clone was confirmed by its ability to complement the sni1 mutation when it was CAPS (codominant cleaved amplified polymorphic sequences) markers (Konieczny and Ausubel, 1993). The expressed, under the control of the 35S promoter of cauliflower mosaic virus, in stable transformants (data sni1 locus was mapped to chromosome IV between markers AG and g3883-1.4. It was shown to be tightly not shown). Sequence analysis predicted that SNI1 encodes a linked to marker ch42, with which no recombinants were discovered among the 718 progeny examined (Figure novel protein of 432 amino acids ( Figure 3A ) with a molecular weight (MW) of 48.8 kDa. Hydropathy plot analy-2A). The ch42 sequence is located in the middle of the bacterial artificial chromosome (BAC) clone F28J12, sis indicated that SNI1 is a soluble protein with no obvious transmembrane domains. A survey of the amino which has been completely sequenced. Thus, more CAPS markers were generated on both sides of ch42 acid sequence showed that SNI1 is a leucine-rich protein (12.7%). A database search for homologs yielded according to the sequence information, and markers XL7 and XL3 were used to narrow down the interval one EST clone isolated from cotton (accession number AI054954), implying that SNI1 may be conserved in containing sni1 to a 43.3 kb region.
Two cosmid libraries covering the 43.3 kb region plants. Even though no substantial homology was found between SNI1 and any known proteins, a short stretch were generated from F28J12 using the binary vector pCLD04541 (carrying the kanamycin resistance for seof homology was discovered with the mouse retinoblastoma (Rb) protein (Bernards et al., 1989; Figure 3B ), a lection) or pSLJ75516 (carrying the herbicide glufosinate ammonium, or "basta," resistance for selection), and a tumor suppressor that represses the transcription regulated by transcription factors such as E2F (Nevins, 1992). cosmid contig spanning the sni1 region was generated (Figure 2A) . Complementation of the sni1 mutation was
Comparison of the cDNA sequence and the genomic sequence revealed that the SNI1 gene consists of 15 observed when cosmid clones 4, 7, and 6-22 were transformed into sni1 npr1-1 mutants. In these transformants, exons. The G to A mutation in sni1 occurred in the 3Ј intron acceptor site at the junction between the fifth which are sni1 npr1-1::SNI1, expression of PR1 and the BGL2-GUS reporter was completely inhibited, as seen intron and the sixth exon. RT-PCR and sequence analysis of the sni1 mutant showed that the mutation caused in the npr1-1 mutant ( Figure 2B ). The transformants also displayed susceptibility to both Psm ES4326 and P. paran 11 nucleotide deletion in the cDNA, resulting in a frameshift early in the coding region ( Figure 3A GFP fluorescence was observed predominantly in the nuclei (Figure 4) . Weak fluorescence was also detected in the cytoplasm. When 35S-GFP was transiently expressed, the smaller GFP protein (26 kDa) was found to be evenly distributed throughout the cells. endonuclease for 5 min at 60ЊC and ligated into the ClaI site of binary vector pCLD04541, which carries NPTII conferring kanamycin resistance, or pSLJ75516, which encodes the herbicide basta resis-SA Measurement tance. The ligated products were then packaged using Gigapack Leaf tissues were harvested from 4-week-old, soil-grown plants, XL (Stratagene) and used to infect E. coli (DH5␣). The resulting ground in liquid N 2 , and weighed. SA extraction was performed using two libraries were probed with PCR fragments generated using the a modified protocol derived from Raskin et al. (1989) . Three milliliters following primers: XL4 (F: 5ЈGTGATGGTGAGGGCTTC3Ј; R: 5ЈCGTC of methanol (90%) was added to the ground tissues, and the re-GGGATCTACAGG3Ј); XL7; ch42; XL11 (F: 5ЈGATGGCAATTGCTGGA sulting mixture was vortexed and sonicated for 20 min. After centrif-G3Ј; R: 5ЈCTAATGGGATGCGACTC3Ј); and XL1 (F: 5ЈGATGAGATGT ugation at 7500 g for 10 min, the supernatant was collected and the GCTGAG3Ј; R: 5ЈCATCGATTTCGCCGTTC3Ј). The positive clones pellet was reextracted with 2 ml of methanol (100%) and recentriwere then analyzed by restriction digestion using XhoI and HindIII. fuged at 7500 g for another 10 min. The supernatants from both Because the region was completely sequenced, a contig was easily extractions were combined and air dried in a water bath (60ЊC). The constructed from both libraries by analyzing the restriction patterns dried samples were resuspended in 2.5 ml 5% trichloroacetic acid of the clones. The contig made with pCLD04541 was transformed (TCA), vortexed, sonicated for 5 min, and centrifuged at 7500 g for (Clough and Bent, 1998) into a sni1 line that had lost the BGL2-10 min. The supernatants were collected and extracted in 100/99/1 GUS reporter gene and was therefore kanamycin sensitive. The full-length SNI1 coding sequence, missing only 11 nucleotides of the 5Ј end that were determined by RT-PCR and sequencing. A fullMap-Based Cloning of sni1 length cDNA clone was generated by PCR, put under the control The sni1 npr1 double mutant that is in the Columbia (Col) ecotype of the constitutive 35S promoter of cauliflower mosaic virus, transwas crossed into wild type in the Landsberg ecotype (La-er; also formed (Clough and Bent, 1998) into sni1, and shown to complement carries the BGL2-GUS reporter gene). The F2 progeny homozygous the sni1 mutation. By comparing the genomic and cDNA sequences, for sni1 were identified in 2-week-old plate-grown seedlings using introns were identified in the SNI1 gene. The G-to-A mutation in the morphological phenotypes associated with sni1. The sni1 homosni1 was found to be in a 3Ј intron acceptor site, and the effect of zygosity of those progeny critical for determining the map position this mutation on splicing was detected by RT-PCR of the mutant of sni1 was later confirmed in the F3 generation using the sni1-mRNA and sequence analysis. specific BGL2-GUS reporter gene expression pattern. Various Sequence data were analyzed with different programs available CAPS markers were used to survey the collected sni1 progeny to through the Internet (http://www.expasy.ch/). determine the chromosomal position of the sni1 locus. Among the CAPS markers used (http://genome-www.stanford.edu/arabidopsis/ Subcellular Localization of SNI1 aboutcaps.html), g4539 and g3883-1.4 of chromosome IV were The GFP gene carried by the plasmid pRT2⌬N-mGFP (Stacey et al., found to flank sni1. Subsequently, a marker (ch42) mapped between 1999) was fused to either the 5Ј or the 3Ј end of the SNI1 gene by g4539 and g3883-1.4 was used. Among the 718 sni1 homozygous inserting the SNI1 coding sequence into the BglII and NcoI sites of F2 plants examined using marker ch42, no recombinants were disthe plasmid, respectively. The resulting plasmids were purified using covered, indicating that ch42 is closely linked to sni1. Sequence a Qiagen Midiprep Kit (Valencia, CA), and 20 g of DNA was bominformation (http://www.mips.biochem.mpg.de/proj/thal/) was then barded into onion epidermal cells according to a protocol by von used to generate CAPS markers XL3 and XL7 on either side of ch42.
Discussion
Armim and Deng (1994). GFP expression was observed using a XL3 was amplified using primers 5ЈCTGGCATCCGTGAAAC3Ј and fluorescence microscope. 5ЈGCAGGACTTGATGTATCC3Ј, and the polymorphism between Col and La-er was detected by NdeI restriction digestion. XL7 was amplified using primers 5ЈCCATCCAAAGGCGATAAC3Ј and 5ЈCCAAAC
